A quick computing algorithm to calculate the rate constants (kj, k'5., k'J) in the [18FJ2-fluoro-2-deoxy D-glucose (FDG) model was developed. The algorithm solved for the rate constants pixel by pixel using a con ventional least-squares method and two tables consisting of a set of various rate constants, to shorten the com puting time. Five planes of rate constant images were ob tained. A combined study using the dynamic FDG method and the 150-labeled gas continuous inhalation
447 method was performed on seven healthy male volunteers aged 26-35 years. Results indicated an apparent discrep ancy between CMRglu and CMR02 in the cerebellum, where the low glucose utilization was correlated with a low FDG phosphorylation rate (kj) despite a sufficient FDG transportation rate (kj) from plasma to tissue. Key Words: Cerebellum-2-Fluoro-2-deoxY-D-glucose-Glu cose utilization-Oxygen consumption-Positron emis sion tomography -Rate constant.
jects (Huang et a\., 1980, 198\) . However, proper regional rate constants calculated in each subject will lead to more accurate CMRglu estimation, espe cially in pathologic cases of brain tumor, cerebral infarction, and so on. In addition, regional mapping of rate constants may provide a better under standing of the biochemical behavior of FDG, and hence glucose, in the brain. Previous studies calcu lating rate constants of the FDG model in humans were insufficient in resolution (Heiss et aL, 1984; Wienhard et aL, 1985) or impractical owing to the excessive computing time (Sasaki et aI., 1985) .
In this study, an algorithm was developed for cal culating rate constants pixel by pixel within a rea sonable computing time. We describe this algorithm for quickly calculating rate constants of a three compartment model in which k� is assumed to be zero. Study of seven healthy male volunteers re sulted in the discovery of a discrepancy between the metabolic rate of glucose and that of oxygen in the cerebellum.
ALGORITHM
Calculation of rate constants in the three-compartment model of FDG was based on the equation by Phelps et al. (1979a) . The net radioactivity concentration in the brain tissue at time t, C;; (t), was described in their derivation as a sum of nonmetabolized FDG and metabolized FDG. Each was given as a function of the FDG concentration in plasma C� (t) and the rate constants kj. k';., k"i" and k! of their notation
and @ denotes the operation of convolution.
As the dephosphorylation rate of FDG-6-phosphate (k!) in brain tissue was small enough during the dynamic PET scan period, <1 h, k� was ignored as zero. Inserting n n were given as a sum of total radioactivity from the first to the ith image, where duration of the ith scan was deter mined as (t i _ I ,t;). Thus, the square sum of the errors was determined as (I)
q(s)dJ
Equation 12 contains three unknowns-P, Q, and R. Ac cording to a conventional least-squares method, the solu tion of p, Q, and R giving the least value of 112 was ob tained from simultaneous equations given by the partial differentials of 112 by the variables P, Q, and R to be equal to zero: 
where P, Q, and R are arbitrary constants defined as follows:
Thus, calculating P, Q, and R in Eq. 4 using measured Cl;(t) and C�(t) allows us to determine the rate constants kj, ki, and k"3.
Because in a PET study one cannot measure momen tary radioactivity at an exact time, the accumulation time of each image in this study was varied with time; then the integral value of C;;(t) from 0 to t was used instead of the momentary value C6(t) at time t. The time integration of Eq. 4 from 0 to twas where L q(s)ds = Pj(t) + Qg(R,t) g(R,t) = � lL C�(s)ds -L e-R(t -S)C�C�)dSJ ( 10) Then, a square sum of the errors of Eq. 8 from the measured values was derived. The measured values H;
where g'(R,t) is the partial differential of g(R,t) by vari able R. Eliminating P and Q from Eqs, 13-15, the fol lowing equation containing only the single variable of R was obtained:
["LR(R ,t)2"2.,.f(t)!.{' (R ,f) -"L,/U)R(R ,t)"Lg(R, t)R' (R, t) ] "LJ(t)H; + ["L./(t)2"LR(R,t)R'(R,t) -'4!(t)R(R,t)"LJ(t)R'(R,t)]'Lg(R,t)Hi + (["Lj(t)R(R,t)J2 -"LJ(t)2"Lg(R,t)2}"LR'(R,t)H i = 0 (16) With Eq. 16, the most suitable R was searched for.
"Lg(R,t) and 'Lg'(R,t) values were calculated using a measured plasma curve C�(t) for various R values from 0,000 to 1.000 min-I with steps of 0,00 1 min-I and tabu lated into two tables beforehand. The left side of Eq. 16, which was calculated from measured H; and the table values for the given R, was then tested until the sign changed or a zero point was crossed, The search was started from both edges of the R values and then ap proached the true R value. When the values at both edges of R are of the same sign, the solution does not exist. Otherwise, R was determined and P and Q were calcu lated by substituting Eqs, 13 and 14 with the given R, Then, the rate constants kf, ki, and k! could be calcu lated with Eqs. 5, 6, and 7, respectively, Finally CMRglu was given by the regional rate constants (Phelps et aI., 1979a) as
where Cp is the glucose concentration in blood and LC is the lumped constant (LC = 0.52) (Reivich et aI., 1985) . The calculations outlined above were carried out pixel by pixel. It took �6 min to make the "kg(R,t) and "kg' (R,t) tables and 3 min to calculate a single slice of a 128 x 128 matrix by the VAX 11/750 computer. FDG was synthesized by the method of Ido et al. (1977) . Its radiochemical purity was >98% and specific radioactivity was 2-4 mCi/mg. After sterilization and py rogen testing, 0.1 mCi FDG/kg weight in 5 ml saline was injected slowly into the antecubital vein over a I min du ration; and the FDG dose was typically 5-7 mCi. Arterial blood was sampled from the radial artery with time in tervals short enough to delineate the plasma concentra tion curve: every 15 s in the first 2 min, every 30 s in the next 3 min, and then further prolonged in time ( Fig. I) .
Radioactivity in the brain tissue was measured using the Headtome III, a three-ring five-plane high-quantita tion PET (Kanno et aI., 1985) . Performance character istics of the Headtome III in this study were an image resolution of 9.8 mm in full width at half-maximum (FWHM) and a slice thickness of 11-13 mm FWHM. Matrix size of the image was 128 x 128 with 2-mm pixel size. The slice interval of the planes was 15 mm, and usually the center of the lowest plane was set at 20 mm above the orbitomeatal line. The PET scan was sched uled to take 9 2-min images, plus 10 4-min images, for a total of 19 images in 58 min (Fig. I) . After the dynamic scan, a lO-min image was taken for the "autoradiogra phic" measurement. Glucose concentration in arterial blood was measured three times during the study. An average blood glucose concentration of subjects in this study was 0.605 mmolllOO m!.
CBF and CMR02 were measured using the ISO-labeled gas steady-state inhalation method (Frackowiak et aI., 1980) with cerebral blood volume (CBV) correction (Lammertsma and Jones, 1983) . The ISO-labeled gas steady-state study was carried out prior to the FDG study. Thus, the total period for the entire study was �3.5 h.
Studies were carried out on seven healthy male volun teers aged 26-35 years. All subjects fasted for at least 7 h before FDG injection. Informed consent was obtained from each subject before the study. Typical radioactivity curves in plasma (solid line) and in the brain tissue (histogram). Data were measured in the study of a healthy male volunteer following an intravenous [1S F j2-fluoro-2-deoxY-D-glucose injection. Curve in the brain tissue was taken from the region in the right temporal cortex. Both data were corrected for physical decay of 1s F .
Contamination of the capillary plasma radioactivity in cluded in the PET measurement was corrected using c� (t) and CBV measured using the ISO-labeled carbon mon oxide gas inhalation method (Phelps et ai., 1979b) . The true brain tissue radioactivity C;; (t) was calculated using the equation
where Ct;' (l) is CBV uncorrected brain tissue radioac tivity and w is the ratio of FDG radioactivity in whole blood and plasma. An average measured value of w = 0.90 was used.
RESULTS

Figure I shows typical time radioactivity curves
in the brain and in the plasma scheduled in this study.
To examine the validity of this algorithm, a simple simulation was carried out employing a standard head radioactivity curve with given rate constants by Phelps et al. (l979a) . Noise sensitivity was also evaluated using the curve adding the Poisson noise to which a value was given by esti mation from the actual plasma radioactivity curve.
Results for a standard head radioactivity curve, with given rate constants of kj = 0. 102 min -I, k"5. = 0. 130 min-I, and k! = 0.062 min-I, were 0. 10 18, 0. 1292 and 0. 06 18, respectively. Analysis of 30,000 simulated head radioactivity curves adding the Poisson noise on the standard curve resulted in kj = 0. 1028 ± 0. 00885 (SO) , k"5. = 0. 1339 ± 0.033 11, and kj = 0.0620 ± 0.01162. Figure 2 shows the rate constant images and the kinetic CMR g 1u images of five slices. It is obvious from these images that in the cerebellum kj was higher and kj was lower than in other regions.
Several unsolved pixels were seen in the images because of statistical noise in the head radioactivity curves.
A comparison of two CMR g 1u images obtained by the Phelps et al. autoradiographic method and by this kinetic method is shown in Fig. 3 . Correlation between auto radiographic CMR g 1u and kinetic CMR g 1u evaluated pixel by pixel was as fo llows:
. 12 x kinetic CMR g 1u + 1.67 (r = 0.90) Figure 4 shows the effect of CBV on the rate con stants and CMR g 1u obtained by simulation using measured plasma data. This implies that CBV cor rection in head radioactivity curves was indispens able for the rate constant calculation, especially for kj and k"5.. However, its effect was diminished in the final CMR g 1u value.
Regional rate constants and CMR g 1u obtained from seven healthy male volunteers are listed in H. 5"ASAKI ET AL. were smaller than the previous data obtained without the CBV correction (Heiss et al. 1984) . Par- CMR02 and CBF were measured using the 150-labeled gas steady-state inhalation method.
H. SASAKI E1' AL. ticularly, regional kj and k! of the cerebral cortex in this study were 85 and 55%, respectively, of those by Heiss et al. However, as shown in Fig. 4 , a 5% contamination of CBV in the gray matter would result in a 25 and 35% overestimation in kj and k!, respectively. If the rate constants in this study had taken no account of the 5% CBV contamination, our kj and k! in the gray matter were 106 and 74% of those by Heiss et aI. , respectively. Then, the dif ferences between the two studies would be a result of their overestimation due to no correction of CBY. Underestimation of our k! might also happen from differences in physiological conditions be tween the two studies. For instance, our k! seemed to vary with individuals, probably owing to the dif ference in each physiological condition, for ex ample, excited or resting, hungry or sated. We be lieve that k! indicates a reserve of glucose utiliza tion. However, k� and CMR g lu in the two studies agreed fairly well with each other, as expected from Fig. 4 , in spite of the difference in kj and k!.
The relationship between CMROz and CMR g lu in humans has been reported to be highly correlated by other investigators (Rhodes et aI. , 1983; Wise et aI. , 1983 ; Baron et aI. , 1984) . However, these studies were not extended to that in the cerebellum.
On the other hand, reports discussing cerebellar metabolism have dealt with either oxygen (Martin and Raichle, 1983) or glucose (Heiss et aI. , 1984) independently. The lack of complete studies con cerning CMROz and CMR g lu both in the cerebrum and in the cerebellum is due simply to limitations in PET facilities. Such a study requires two labeled compounds for both CMROz and CMR g lu measure ments and a multiplane PET to cover the whole brain. Consequently, this is the first article de scribing the interrelationship between glucose utili zation and oxygen consumption using a kinetic FDG study and a 150 steady-state study in the cere bellum as well as in the cerebrum.
One of the most dramatic results in this study was that the cerebellum showed an apparently low tion. The study clearly revealed that a lower CMR g lu in the cerebellum resulted from a lower phosphorylation speed (kV. On the other hand, the observation of a high FDG transportation rate from plasma to tissue (kj) was confirmed to be corre lated with a high CBF in the cerebellum.
Results showing a high kj and a low k� in the cerebellum mean a dissociation exists between glu cose supply and glucose phosphorylation by hexo kinase. This was previously reported by Heiss et al. (1984) . They concluded that this resulted from a wide safety margin in the transport system with re spect to low metabolic demand at rest. However, our study showed a high CMROz in the cerebellum under the same rest condition as the FDG study, suggesting high oxidative metabolism in the cere bellum even during the FDG study. Thus, our com bined study indicates that the low phosphorylation rate in the cerebellum was not due to low metabo lism.
The question is, what caused a mismatch be tween the supply and the demand of glucose in the cerebellum? As for oxygen, on the other hand, the relationship between supply and demand was well correlated in the cerebellum. These discrepancies were well associated with the result of the higher ratio of CMROz to CMR g lu in the cerebellum (Table   3 ). If so, what consumed the excess of oxygen?
One of possible interpretations for this dissociation is that some substrates other than glucose may be used for oxidative metabolism in the cerebellum.
However, it must be remembered that the rate constants and CMR g lu obtained in this study were calculated under the two hypotheses. One was that k! was zero. k! was reported to be about one-tenth of k� by Phelps et al. (l979a) . Therefore, it is not denied that a low k� in the cerebellum resulted from neglecting a higher k! in the cerebellum than in the cerebrum. However, in three of our studies, delayed scan images taken at 4 or 6 h after FDG injection showed that the radioactivity ratio be tween the cerebellum and the cerebrum was almost the same as the ratio obtained from static scan images. This indicated that FDG clearance in the cerebellum would not differ from that in the cere brum, suggesting that k! was almost homogeneous over the whole brain including the cerebellum. The average cerebellum-to-cerebrum lumped con stant ratio estimated using Eq. 19 was 0.86. If that individual ratio was used in the calculation of CMRg1u, the discrepancy in regional CMRg lu be tween the cerebellum and the cerebrum was re duced. Nevertheless, the discrepancy in CM R glu and CMR02/CMRgiu between the cerebellum and the cerebrum still remained significant (p < 0.05 in the former and p < 0.005 in the latter). Thus, these hy potheses may not overthrow our finding of the dis crepancy in glucose-oxygen metabolism between the cerebellum and the cerebrum.
